Using modeling-based design, we demonstrate a tunable nanoelectromechanical system (NEMS) capable of operating in the 800-MHz-to-1.9-GHz frequency band without the need for continuous electrostatic tuning stimuli using reversible structural transitions of solid-state materials. We show that permanent, yet reversible, tuning of such a resonator in this region is possible, but only when the structural support platform is made of ultralight and thin 2-D elements. Using graphene as the top and bottom electrodes with a layer of the well-known phase change material Ge 2 Sb 2 Te 5 , we provide a pathway for highly functional NEMS that employ 2-D electrodes and phase change materials in tunable resonant circuits. Given the recent advances in graphene NEMS, and because the resonator properties are not dependent on the electronic quality, rather the mass of the graphene, such a design would enable the application of tunable phase change NEMS with no active power requirement in a variety of applications in the future.
I. INTRODUCTION
MEMS and NEMS have found applications in a wide array of technologies such as sensors [1] - [4] , low-leakage electronics [5] , nanoscale imaging [6] , health monitoring systems [7] , [8] and digital micromirror arrays [9] . In many new emerging applications, especially those of NEMS, the mechanical resonators are always operated at a frequency close to their fundamental resonance frequency. Small perturbations to the motion of a resonator can be effectively observed by monitoring the spectral characteristics of this frequency. In addition, because of the potential in NEMS for extremely high quality factors (Q) [10] , a range of high-quality frequency filtering and mixing configurations (important in wireless, global positioning and mobile systems) can be effectively implemented using nanoscale resonators [11] .
Traditionally, telecommunication systems rely on electronic oscillators to generate the fundamental frequencies needed during mixing and filtering. The block diagram of Figure 1a shows an example of a RF receiver; a Local Oscillator (LO) defines the typical down-mixing frequency stage always required prior to any baseband processing. The high quality of the LO frequency signal, set at the initial design stage, is paramount to ensuring the lowest noise figures and, ultimately, the performance of the receiver. When more frequencies (bands) are needed, more LOs are required to be integrated together inside the same system. Well-known piezoelectric materials such as quartz are the current materials of choice for high quality LO but integrating such materials with standard Si technology has proven difficult and is currently an unresolved technological challenge. NEMS resonators have their fundamental frequencies defined largely by physical properties (structure and materials), making them particularly well suited for the aforementioned applications. Both structure and materials (and therefore frequencies of operation) are commonly chosen at the fabrication stage. Recent advances in NEMS devices have striven to achieve the goal of reduced complexity, for instance through the use of metallic piezoresistivity to detect motion [12] . These techniques typically involve the use of existing or novel materials in a new, functionality-rich context. One way to reduce complexity is using active layers, i.e. materials that perform two functions at the same time [13] . Designing NEMS resonators with on-demand and permanent change in physical properties would enable the realisation of a plethora of frequency tunable devices often described as the ''holy grail'' of receiver components [14] .
II. CASE FOR PHASE CHANGE NEMS (PC-NEMS)
In this paper we propose a novel tunable NEMS/NOEMS resonator that employs appropriate electrical (and/or optical) energy pulses to permanently, yet reversibly, change its fundamental resonance frequency. Frequency modulation is achieved by changing the solid phase of a phase change material that comprises most of the mechanical resonator.
Phase change materials, such as Ge 2 Sb 2 Te 5 (GST), are functional materials that possess two stable and reversible phases: amorphous and crystalline, with distinguishable electrical, optical and mechanical properties [15] . Such materials are remarkable for their ability to transform their solid phase in response to an adequate electrical, optical or thermal stimulus. Figure 1b shows a schematic of a generic thermal stimulus. Increasing the local temperature above the characteristic transition temperature (of GST in this case) crystallises an initially (i.e. as-deposited) amorphous GST. Once in the crystalline phase, the same local region can be reverted back to the amorphous state by using a second higher (above melting), shorter, temperature stimulus. Many of these transformations occur in timescales of nanoseconds or less [16] and can be considered stable at room temperature making them ideally suited for many potential ultra-fast electronic applications. However, much of the research on phase change materials has traditionally focused on their ability to store information in the form of their physical state, both in the optical (with the optical storage discs systems [17] ) and electronic domains (as a future replacement for Flash memories [18] ). More recently the inherently active optoelectronic property of GST has been explored for new applications in ultra-high resolution nano-displays [19] . Figure 1c shows summaries all three domains of operation (electronic, optical and mechanical) of common phase change materials. Surprisingly, the exciting and vastly unexplored electromechanical and optomechanical interfaces remain unexplored.
The proposed device could represent the first application of phase change electro-optomechanics with expected frequencies of operation in the very relevant GSM band (800 MHz to 1.9 GHz). The key parameters for a large range of tuning of a mechanical resonator employing GST are the change in Young's modulus and the design of the resonator [20] - [22] . For the first parameter, it is noted that two recent experiments have shown that the Young's modulus of the common Ge 2 Sb 2 Te 5 shows a fairly significant change upon phase transition [23] , [24] and, more interestingly, this difference increases exponentially with decreasing dimensions of the GST film. This is important for two reasons; a greater change in mechanical properties translates into a wider range of frequency tuneability while at the same time ultra-thin GST films require less energy to be electrically (or optically) switched between phases. The design too plays a role. An electrically activated GST based resonator requires electrodes, a supporting base and a capping layer to avoid oxidation in ambient air. All these extra layers severely limit the frequency tuneability range of the final resonator. The supporting layer in particular is required in order to avoid material deformation during the melt-quenching, or RESET, stage where the resonator is switched from a crystalline to an amorphous phase.
To better understand this impact, we start by simulating a resonator on a hypothetical Si supporting layer with increasing thickness of the active GST layer. Every simulation is repeated two times, firstly considering the GST in a fully amorphous phase and secondly for the fully crystalline phase. The first order Eigen frequencies of the system are calculated using Equation 1-2. Where ρ is mass density, ω is angular frequency, F v is total force, σ is stress tensor, u is the displacement gradient and λ is the eigenvalues.
The key mechanical properties employed in these simulations are summarized in Table 1 . Figure 2a shows a diagram of the basic structure of this study. When the Ge 2 Sb 2 Te 5 layer is thin compared to the 1 µ m Si supporting base, frequency tuneability f % (calculated as (f cry − f amo )/f amo × 100) is close to zero, as shown in Figure 2b . If the thickness of the GST is increased to several times that of the Si base the frequency tuneability increases to almost 50, close to the theoretical limit obtainable from the change in Young's modulus between the amorphous and crystalline phase. As discussed earlier, thicker GST layers require more energy to switch. Thus, a characteristic parameter of phase change electronic devices, the so called threshold voltage [25] or V th , can be used as an indicator for the feasibility of a particular system to be electrically switchable for practical purposes and without the need for high voltage/high power equipment. Generally, the higher the volume of GST material required to switch (i.e. the thickness in a vertical configuration) the higher will be the voltage required to switch between its phases [26] , [27] with an average increase of 100 V for every micrometer, as shown in Figure 2b . Although a low V th is not a sufficient requirement for designing other GST devices (other characteristics such as thermal confinement, heat management, and contact resistance are also critically important) it is certainly a necessary requirement that helps draw some initial conclusion about the feasibility of the proposed NEMS device. These studies indicate that, for example, a 20% tunable resonator would require electrical pulses as high as 200 V to switch to its crystalline phase. It therefore appears evident that a common rectangular resonator on a standard supporting base cannot be a valid design for a GST-based resonator.
III. DESIGN FOR PC-NEMS
Two-dimensional (2D) materials such as graphene [28] and MoS 2 [29] have been recently employed in resonator structures primarily because of the unique advantages that an atomically thin layer provides. These extremely low dimensions enable design of resonators that are inherently very sensitive to mass and force perturbations and operate at high frequencies. Drum resonators using graphene in particular have been shown to be capable of high quality (Q) factors in various 2D-based resonator designs [30] , [31] .
We now demonstrate how using 2D materials as a combined support and active electrode structure with an added benefit of serving as an oxidation barrier for novel phase change material based tunable resonators allows the fabrication of devices that can be electrically (or even optically) tuned in frequency to an astonishing range of values close to the theoretical limit imposed by the change of Young's modulus. Figure 3a and b show a 3D diagram and the relative cross-section, respectively of the proposed device. A drum resonator comprising a graphene/Ge 2 Sb 2 Te 5 /graphene structure is placed on top of a hollow SiO 2 supporting substrate. As already mentioned, two graphene electrodes would serve as active electrodes [36] as well as the support and capping layers. The fundamental mode analyzed in this paper is shown in Figure 3c . 
IV. RESULTS AND DISCUSSION
We then proceed to analyze the feasibility of such a design to enable power-free tuned oscillations in the GSM voice band (800 MHz -1.9 GHz). In this band, an electrostatically tunable resonator would require constant feedback and recalibration of the external actuating voltage in order to maintain the target frequency of choice [32] , [33] . This is precisely where phase change resonators can be highly enabling. In order to understand the potential design space for such resonators, we vary two key parameters -the radius of the suspended device and the thickness of the GST. The key VOLUME 3, 2015 mechanical properties employed in the simulations are shown in Table 1 . Figure 4a shows resulting simulations for the first fundamental frequency with increasing thickness of the GST layer and for several diameters of the suspended resonator. As is evident, there are parameters of design within which it is perfectly possible to tune the resonator frequency of operation continuously within the targeted GSM voice band. More importantly, the dimensions (i.e. device radius) for such resonators are below 200 nm, which is crucial, especially for nucleationdominant materials such as Ge 2 Sb 2 Te 5 . Active devices with larger dimensions would result in the GST not switching entirely from the amorphous to the crystalline state, due to the creation of short circuit filamentation effects (i.e. the creation of a tiny conducting path, which prevents further material from being transformed to the crystalline state). However, for dimensions below 300 nm, this is not a major issue [34] , [35] and therefore this confirms that this design is very feasible using currently available technology. It is also seen from Figure 4b that the size of the resonator (i.e. dimensions and thickness) influences the expected frequency tuneability as explained; smaller devices exhibit higher tuneability because of the higher contrast between the mechanical properties of the amorphous and crystalline phases. Conveniently, this is keeping with the design for power requirements, especially as GST and other phase change materials scale down very well in terms of both power and speed [36] . Our study suggests that resonators with small radius (<200 nm) and low thickness (<15 nm) are the best choice for applications in the GSM voice band. Such small volumes are also expected to have the best performance in terms of power requirement and energy consumption per switching. This is in contrast to the initially discussed case of a standard rectangular cantilever with a GST coating of Figure 1a , where power requirements and mechanical tuneability characteristics were in conflict. Tailoring the ratio of amorphous and crystalline phases co-existing within the same device is a well-known technique used in multi-level GST memories to increase the number of bits saved within the same cell [37] . Such functionality is usually executed by tailoring the amount of energy (current in this case) used during a switching event. In GST based resonators, the same technique could be applied to tune the devices frequency somewhere between that of fully amorphous and fully crystalline. Figure 4c shows the calculation for the aforementioned case of a 200 nm × 40 nm resonator. As one can see the frequency is discretely tunable within the whole range of values.
We now estimate the energy required to tune a GST resonator in J/Hz by extrapolating the energy requirements for a switching event in standard GST memory cells [38] . As an example, a 200 nm × 40 nm GST resonator could be discretely tuned from 1.54 MHz to 1.08 MHz. The crystalline-to-amorphous phase transformation is known to be the one that requires the highest amount of energy. Using realistic values of energy of 200 pJ to switch the device back to an initial complete amorphous phase, the spectral energy performance of this device is expected to be close to 0.4 fJ/Hz. More importantly, no power is required after a switching (i.e. tuning) event, making this design extremely relevant to energy sensitive applications such as mobile and satellite communications.
Finally, the frequency read-out mechanism of the proposed GST-based resonator could be both optical and electrical. Recent work has shown that graphene can itself act as a self-sensing layer, thus also allowing electrical sensing using the motion induced modulation of resistance (i.e. piezoresistive detection) [39] , [40] . Interferometry of resonator motion can also be employed with the added benefit that the laser could be used at a higher power to transform the materials from one state to the other, thus achieving optically induced frequency tuning. This optoelectronic response of this class of materials can thus also result in a mechanical response that can yield functional and practical devices.
V. CONCLUSIONS
In conclusion we have demonstrated in principle, a novel tunable phase change material based resonator capable of working in a highly relevant frequency region spanning the entire telecommunications band. The proposed design consists of a thin layer of active GST material sandwiched between two graphene electrodes. We demonstrate how scaling down towards thinner and smaller devices effectively increases the tuneability range of the resonator while reducing the energy required for a switching event at the same time. We explain how such an attractive feature is available only when using ultra-light 2D materials as both active electrodes and encapsulating layers. The versatile nature of the resonator allows both electrical and/or optical tuneability of its frequency. Read-out could be implemented either optically or electrically, using graphene self-sensing characteristics. Partial crystallization of the GST layer using well-known current limiting techniques allows the access of all frequencies between that of fully crystalline and fully amorphous phases in a quasi-continuous way. Frequency tuneability is calculated to consume energy as low as 0.4 fJ/Hz. More importantly, no power would be required after a switching (i.e. tuning) event. If fabricated, the current device would represent the first application of the mechanical tuneability properties of GST having exciting applications in the field of electro-optomechanics.
